Shock interactions can have a significant impact on heating rates and aerodynamic performance of hypersonic vehicles. The study presents different shock interactions in partially-rarefied hypersonic flows predicted employing a recently developed gas-kinetic scheme for diatomic gases with rotational degrees of freedom. The new gas-kinetic schemes will be presented along with shock/wave boundary interactions as well as Edney Type IV shock-shock interactions. Various levels of rarefaction have been considered to highlight the effect of thermal relaxation between the translational and rotational modes. In addition, for the Edney test case the imposed wall temperature on the shock-generating wedge and the cylinder surface has been varied, to evaluate the importance of the boundary layer thickness on the interaction region.
Introduction
The understanding of shock interactions is critical to the design of hypersonic vehicles since they can have a significant impact on both heating rates and aerodynamic performance affecting the requirements for vehicle control and thermal protection. The flow over deflected control surfaces may be dominated by shock wave/boundary layer interactions that can cause extensive separation, a laminar-to-turbulence tran-sition and localised intense heating. A recent review of some of the key findings for shock wave/boundary layer interactions for laminar flows was presented in [1] , where it was shown that mechanical and thermal loads over compression ramps depend strongly on ramp angle, wall temperature and geometric configuration. Furthermore, the dependency of numerical predictions on grid resolution and the correctness of the employed physical and numerical modelling was addressed.
In the present work, shock interactions in partially-rarefied hypersonic flows are considered. For the efficient simulation of such flows, a number of different approaches can be considered. One such approach involves hybrid techniques which couple Navier-Stokes methods with DSMC solvers or discrete-velocity methods (DVM) for kinetic Boltzmann equations. In these methods, the more expensive approach, DSMC or DVM, is employed only where needed and is coupled with a finite-volume scheme for the NS equations used where the flow is continuum. A hybrid technique couples two different simulation methods by means of information exchange between the parts of the flow domain. Recent works using these methods focused on rarefied high-Mach flow include [2] and [3] . Early results for hybrid rarefied high-Mach simulations using the Multi-Physics Code (MΦC) used in the present work were reported in [4] .
An alternative approach involves gas-kinetic schemes originally introduced as Navier-Stokes solvers, which more recently have been extended with a capability to resolve thermal non-equilibrium and flow rarefaction effects. In the present work, a recently developed gas-kinetic scheme for diatomic gas flows with rotational relaxation is employed in the analysis of flows with shock interactions. The strength of the gas-kinetic scheme lies in its capability to include the effect of collisions introducing a multi-scale effect which is missing in more commonly-used Navier-Stokes schemes. Moreover, due to their nature, gas-kinetic schemes can predict flow fields with a certain degree of rarefaction enabling the computational analysis of shock interactions from the continuum to the rarefied regime without having to rely on different numerical methods. In gas-kinetic schemes, a finite-volume approach is used which reconstructs local kinetic problems around the cell interfaces in order to calculate the numerical fluxes. In contrast, more commonly used Roe or AUSM fluxes are based on approximations to a local continuum Riemann problem. In the present work, the local kinetic problem around the cell interfaces includes both convective and viscous contributions, while finite-volume methods employing more commonly-used numerical flux methods, e.g. Roe or AUSM, for the convective fluxes typically employ a separate central difference-based discretisation of the viscous fluxes.
Among the gas-kinetic schemes available in the literature, a successful approach is represented by the BGK-NS method introduced by [5] , subsequently improved resulting in the Unied Gas Kinetic Scheme (UGKS) by [6] and extended to diatomic gas flows in [7] . The Unified Gas-Kinetic Scheme (UGKS) uses a finitevolume method where the numerical fluxes are based on the solution of the Shakhov model [8] for a monoatomic gas, or the Rykov model [9] for a diatomic gas with rotational non-equilibrium. Where the flow is under-resolved, by accounting for the pressure jump in the definition of the collision time, additional numerical viscosity is added resulting in a shock thickness of the order of the cell size. This allows the UGKS to simulate flows in both rarefied and continuum regimes. A further feature is the reconstruction and storage of the particle distribution functions around the cell faces. which are updated in time according to the considered kinetic model. The means that the UGKS can deal with significant levels of flow rarefaction, but at a memory cost between that of Navier-Stokes gas-kinetic schemes and of discretevelocity methods.
Recently, the authors developed a novel gas-kinetic scheme based on a Chapman-Enskog reconstruction of the kinetic problems around the cell interfaces which includes rotational relaxation consistent with the Rykov model, as published in [10] . The method does not store and update the particle distribution functions in statespace for each cell face, and it is therefore computationally more efficient that the UGKS, particularly in memory overhead. However, the Chapman-Enskog reconstruction limits the scheme to lower levels of rarefaction than the UGKS. Compared to earlier works of Xu and co-workers the presented scheme is defined directly on the basis of kinetic models which involve a Prandtl number correction.
In the current work an improved version of the gas-kinetic scheme presented by [10] is used which involves a further efficiency improvement by replacing numerical evaluations of moments in state-space with analytically derived expressions. Furthermore, a modified GKS scheme is also considered in which equilibrium between the translational and rotational modes is assumed. Analysing the results of the different schemes will enable the assessment of the effect of thermal relaxation as well as the effect of changing Reynolds number which typically occurs when changing the Knudsen number for a fixed Mach number. The methods were designed for complex three-dimensional flow simulations, including flows around waverider geometries and moderate rarefaction levels, as shown in Figure 1 . For increasing Knudsen numbers, the translational temperature from the gas-kinetic scheme based on the Rykov model can be seen to deviate further from the results with the singletemperature gas-kinetic scheme, as could be expected. Considering the good compu-tational efficiency of the gas-kinetic scheme derived from the Rykov model (RGKS), a major point of investigation is the determination of what level of flow rarefaction the results are accurate and when a switch to more expensive method such as DSMC or DVM would be needed. In the present work, the assessment of the schemes will first be considered for two-dimensional shock interaction test cases.
The new gas-kinetic schemes will be presented along with the application to hypersonic flows with shock/wave boundary interactions as well as hypersonic flow with Edney Type IV shock-shock interactions. Different levels of flow rarefaction are considered, highlighting the effect of thermal relaxation between the translational and rotational modes in the considered diatomic gases. Furthermore, the sensitivity of the shock-interaction with respect the imposed wall temperature on the shock-generating wedge and the cylinder surface was considered, highlighting the importance of the boundary layer displacement thickness increase on the wedge.
Multi-Physics Code
The methods used in the present work are built in the Multi-Physics Code (MΦC) under development at the University of Glasgow, described in [11] and [10] . MΦC is a computational framework designed for simulations of complex flows, where different mathematical flow models are employed for different regions of the flow domain depending on the flow physics. For compressible-flow applications, a cellcentred block-structured finite-volume method for the Navier-Stokes equations using the AUSM + /up method for the convective fluxes forms the baseline model. For high-speed flows with thermodynamic non-equilibrium, the solver uses RGKS (gas-kinetic scheme based on the Rykov model), introduced in [10] . For more challenging flows at higher levels of flow rarefaction, discrete-velocity methods for the Shakhov and ES models are available for monoatomic gas flows, while the DVM uses the Rykov model or a poly-atomic ES model for diatomic gas flows. Considering the cost and memory requirement for the DVM, practical applications to highspeed flows involve hybrid simulations coupling the DVM with the NS or RGKS solver. With improved gas kinetic schemes as presented in [10] , the extent to which the DVM needs to be used can be reduced in hybrid simulations, and therefore achieve significant efficiency gains. In the present work, the emphasis is on simulations which use the RGKS in the entire computational domain.
Non-dimensional Rykov Model
A diatomic gas is considered at temperatures at which vibrational degrees of freedom are not significantly excited. Furthermore, we exclude extremely low temperatures, such that we can assume that rotational degrees of freedom can be considered fully excited. In this case the particle distribution function f (x, c,t, ζ ), which de-scribes the state of the gas, will be a function not only of the spatial coordinate x, the particle velocity c and the time t, but also of the rotational degrees of freedom ζ . The Rykov model represents an extension of the Shakhov model where also rotational non-equilibrium is considered and has been proved to be a reliable kinetic approximation, up to the heat fluxes moments of the Boltzmann equation. Since the rotational degrees of freedom is considered fully excited, ζ is reduced by the model and a second distribution function is obtained. The non-dimensional distribution functions F 0 and F 1 are obtained from the dimensional distribution functionsF 0 and F 1 as follows,
For the Rykov model written in terms of F = m f we obtain,
where the total collision time τ is expressed as µ t /p t with the viscosity determined from the translational temperature and F M is the Maxwellian. In the present work the values ω 0 = 0.5 and ω 1 = 0.286 and δ = 0.75 are employed. Z r is the collision number, representing the number of collisions between molecules required to force the rotational and translational motions towards equilibrium. In the recent literature, formulas for Z r derived from data fitting, either from numerical or experimental results, have been employed. For the Rykov model, the collision number suggested by Rykov and co-workers is,
5K is the characteristic temperature of the intermolecular potential for Nitrogen. An alternative expression for Z r (T t , T r ) derived from molecular dynamics simulations can be found in [12] as
with a 1 = 1.33868, a 2 = −6.19992, a 3 = −0.00107942 and 0 < b ≤ 1. For the viscosity law, Rykov and co-workers suggest
Alternatively, a simpler power law can be employed. In the present work, this power law was used exclusively, with an exponential factor of 0.72.
Gas Kinetic Scheme based on Rykov model -RGKS
The present scheme is analytically defined on the basis of the Chapman-Enskog (CE) expansion of the non-dimensional Rykov model for diatomic gases. The derivatives of the equilibrium function and the time derivatives of the primitive variables are defined analytically employing the compatibility condition of the kinetic model for the latter. In previous works, e.g. [13] similar gas-kinetic schemes are defined using the CE solution of the BGK model with and without rotational nonequilibrium and a scaling of the energy numerical flux defined in [5] to correct the Prandtl number. Moreover, in those schemes the required derivative are expressed in terms of Taylor series where the coefficient are calculated by means of properties of the employed BGK model. The proposed GKS, due to the use of the CE expansion, is limited to near-continuum regions but is simpler than the UGKS methods presented in [6] and [7] . For the present Rykov-based GKS solver, also this correction is defined fully analytically. Results for hypersonic partially-rarefied flows with shocks using this correction were previously presented in [10] , showing an improved agreement with experimental data for the obtained shock thickness and profiles. From the non-dimensional reduced Rykov model (2), a system of equations for the vector of non-dimensional macroscopic variables W R = (ρ, ρc, 5 2 ρT + ρc 2 , ρT r ) T is obtained by taking moments Ψ 0 = (1, c, c 2 , 0) T and Ψ 1 = (0, 0, 1, 1) T and integrating over a time step ∆t. The expressions for the numerical fluxes resulting from this step were previously described in detail in [10] . The moments involve integrations over the velocity space and in most general formulation published previously, numerical evaluation of these integrations was used. In the present work, analytical expressions for the velocity-space integrations were used, which further enhances the efficiency of the proposed gas-kinetic scheme. In the integration, upwinding in the velocity space is used. The full formulation is too long to be presented here. For illustration, the mass flux is presented here only. For the inviscid mass flux, where l, r refer to the left-hand and right-hand side of the cell interface, we find,
The cell-face normal velocity component is u n , while T eq is the equilibrium temperature. The Prandtl number correction for the mass flux becomes,
where q n is the heat flux associated with the translational motion normal to the cell interface. For the viscous fluxes, derived from the CE expansion around the local solution on the left-hand and right-hand side of the cell interface, we find,
T eq,l − T t,l 2τ l Z r,l T t,l
where J 11 , . . . , J 31 represent mesh transformation metrics in the general curvilinear mesh formulation used here. The source term is due to the rotational relaxation. The only non-zero contribution is for the last equation in the system, governing the rotational energy. For the rotational energy equation, the relaxation term has the following form for cell i and integration from time level n to n + 1,
where the trapezoidal rule was employed in the time integration. It is important to note that here the difference between the local equilibrium temperature T | i and the rotational temperature T r | i in cell i is used, while many studies consider a relaxation term of the type introduced by Jeans-Teller involving translational and rotational temperatures. For a well-resolved flow, the exponential terms in the flux equations are small and represent numerical dissipation terms. Using the Rykov model as the basis for the flux formulation, it shows that the Prandtl number correction in Equation (6) combine with the heat-flux related terms in the viscous flux to consistently represent a Prandtl number correction for the part of the heat flux associated with the translational energy.
Based on the RGKS with rotational relaxation, a single-temperature version was also implemented in which it is assumed that the translational and rotational temperatures are in equilibrium, which significantly reduces the complexity of the scheme as can be seen from Equations (5), (6) and (7) . For the Rykov kinetic model, the effective Prandtl number for continuum conditions can be derived from a Chapman-Enskog expansion. For the Rykov Gas Kinetic Scheme the Prandtl can be similarly obtained in the limit of the translational and rotational temperatures approaching a common equilibrium temperature. The Prandtl number is defined as,
which shows that for the values used in the present work, i.e. ω 0 = 0.5, ω 1 = 0.286 and δ = 0.75, the Prandtl number attains a value of 0.71 for Z r = 5. In the singletemperature version of the gas-kinetic scheme, Z r = 5 is used for the flow state at left-hand and right-hand side of the cell interface.
In the present work, solid wall boundary conditions are modelled using diffuse walls with full accommodation.
Shock wave/boundary layer interaction
The first test case considered is the laminar flow over a compression ramp with a sharp leading edge. The main point of interest here is the effect of the flow rarefaction on the shock wave/boundary layer interaction. The test case considered was conducted at Calspan-UB Research Center (CUBRC), with a free-stream Mach number of 14.1 and a Reynolds number of 236, 200 per meter and a ramp angle of 15 o . The free-stream temperature was 88.88K and a wall temperature of 297.22K. The viscous interaction parameter at the plate/ramp junction is large and for the ramp angle considered, the flow in the experiment stays attached. For larger ramp angles, a separation bubble is formed which is confined by separation and re-attachment shocks, as discussed in detail by [1] .
The Knudsen number for this test case is Kn= 8.85 · 10 −5 for a meter reference length as tested at CUBRC. In the present work, a more rarefied condition is also considered, obtained by scaling down the flow length scale by a factor of two while leaving the inflow conditions unchanged. This doubles Knudsen number and halves the Reynolds number. For this test case, a block-structured mesh with 68 blocks and a total of 10 6 cells in 2D was employed. For the test conditions, the RGKS method with rotational relaxation as well as the version with a single-temperature assumption were used to simulate the flow over the compression ramp. Figure 2 shows the wall pressure (scaled with the free-stream pressure) for these two simulations, compared with the experimental data as well as CFD results from [1] . It can be seen that the proposed RGKS model (with rotational relaxation) generally produces results in better agreement with the experiments than the single-temperature version of the solver. Also, the agreement with the CFD results is generally better. From this comparison, it appears that despite the relatively small value of the Knudsen number involved in this test, the inclusion of rotational relaxation as well as a variable rotational collision number in the simulation leads to a more accurate representation of the flow for the gas-kinetic schemes.
The significant contribution from the rotational relaxation can also be seen in the top plot of Figure 3 , where the difference between the translational and rotational temperatures in the simulation at the Knudsen of the experiment are shown in the vicinity of the plate/ramp junction. The strongest deviation from thermal equilibrium can be observed in the shock wave/boundary layer interaction region on the ramp. However, a smaller but still significant relaxation takes places in the boundary layer leading up to the shock interaction. This may largely explain the difference in surface pressure between the full RGKS model and the single-temperature version in Figure 2 . In the single-temperature version, a collision number Z r = 5 was imposed to fix the Prandtl number to 0.711. For the RGKS results, the Z r from the Valentini model as used in the simulations are shown in Figure 4 . In the boundary layers, the collision number is markedly different from 5, which would further explain differences in the boundary layer development and wall pressures between the RGKS model and its single-temperature version. Figure 5 shows a comparison of the scaled pressure in the flow field at the conditions of the experiment for the RGKS with rotational relaxation and results from the single-temperature variant of the RGKS. The shock wave generated by the flat plate and its position can be seen to be different in both model due to the different boundary layer development along the flat plate. The pressure in the interaction region is also significantly different with a stronger pressure rise along the ramp for the single-temperature model.
To assess the sensitivity of the wall pressure to the Knudsen number in this flow, Figure 6 presents a comparison of three sets of results obtained using the RGKS model (with thermal relaxation). The different results are for different Knudsen numbers: the first results is at half the Knudsen number of the experiment, the second result was obtained for the Knudsen number of the experiment and the third result for a Knudsen number increased by two relative to the experiment. For reference, the experimental data is also shown in the figure. Since the Knudsen number changes were created by scaling the length scale of the flow, the Reynolds numbers will also be different for the simulation results. The increased Knudsen number simulation corresponds to the lowest Reynolds number. As could be expected, the wall pressure is already significantly different at the flat plate as a result of the different rate of growth of the boundary layer thickness, leading to a different in the shock wave/boundary layer interaction and the subsequent re-attachment.
From the results presented here, it follows that the strongest thermal relaxation effects results from the difference boundary layer development along the flat plate, which then creates an effect on the shock interaction. The boundary layer on the ramp is less affected by thermal relaxation effects, as a result on the increased density of the flow downstream of the shock and therefore locally small Knudsen number. 
Edney type IV shock interaction
The second test case considered is the Edney Type IV interaction investigated experimentally at ONERA Chalais-Meudon as described by [14] . The tests were conducted in the R5Ch blowdown tunnel resulting in a free-stream Mach number of 9.95, free-stream temperature of 52.5K and free-stream pressure of 5.9Pa. The Reynolds number is 166000/m and the circular cylinder in the test had a radius of 0.008m. A ramp at 20 o angle was placed upstream of the cylinder to create an Edney type IV shock interaction. A complicating factor was the ramp extending for 0.050m only followed by a flat plate giving rise to a Prandtl-Meyer expansion which in turn curves the oblique shock generated by the ramp before interacting with the bow shock of the cylinder. For this test case, a block-structured mesh with 76 blocks and a total of 10 6 cells in 2D was employed for the initial results obtained with the RGKS method. Three different Knudsen numbers were considered. The first simulation was conducted at the conditions in the ONERA experiment, while two further simulations involved a scaling down of the flow length scale by a factor of 2 and 4 while maintaining the free-stream conditions. For Knudsen number at experimental conditions and two increased Knudsen numbers, Figure 7 shows the difference in translational and rotational temperatures in the interaction region ahead of the cylinder. As can be expected, the rotational energy relaxation effect is more pronounced for the increased Knudsen number conditions. The plots show the extent of thermal non-equilibrium in the main features of the flow field, i.e. the strong bow shocks as well as the lambda-shock, jet expansion and normal shock just before the jet impinges on the surface. Figure 8 compares the scaled wall pressure on the cylinder as computed with the RGKS method with the experiments from ONERA as well as the previous CFD result from [15] . It can be seen that the agreement of the present results with the experiment is satisfactory in terms of pressure peak and location, with a better agreement than the results from [15] . The convergence behaviour of the current steady-state simulations suggest some flow unsteadiness. This unsteadiness as well as the relatively large pressure tap used in the experiment could partially explain the discrepancy in pressure peak. The figure also shows the effect of increasing the Knudsen number, with an increase (and the associated decrease in Reynolds number) lowering the peak pressure value on the wall as well as moving its location. In addition to the dependency of the shock-interaction on the Knudsen number, the sensitivity of the flow field with respect the imposed wall temperatures was investigated. At the experimental conditions, the wall temperature on the shock-generating wedge as well as the cylinder surface was assumed to the 5.71 times the free-stream temperature. For the selected experimental set-up, a strong type IV interaction was achieved. Here, the experimental set-up in terms of geometry was maintained in the simulations. However, the imposed wall temperature was reduced in steps to 4.5, 3.5 and finally 2.5 times the free-stream temperature. For two different wall temperatures in the simulations, Figure 9 shows Mach number contours in the vicinity of the shock-interaction ahead on the cylinder. It can be see that an important effect is the slightly decreased oblique shock angle for reduced wall temperatures, which can be directly attributed to the reduced growth rate of the boundary layer on the shock-generating wedge, i.e. a reduced boundary-layer displacement effect is present for lower wall temperatures. A second effect of the lower wall temperature is the reduced shock stand-off distance from the cylinder, although this effect is relatively small. Clearly, both effects combined lead to a significantly changed shock-interaction with the type IV interaction pattern gradually disappearing for reduced wall temperatures. This can clearly be observed in the wall pressures on the cylinder surface shown in Figure 10 for the different wall temperatures. Clearly, the reduced oblique shock angle moves the interaction region downwards, i.e. towards the negative angles, while the interaction loses strength with decreasing wall temperature. From these results it would follow that for the reduced wall temperature conditions, the shock-interaction intensity could be increased again by moving the shock-generating wedge slightly forward. The presented results clearly demonstrate to the strong dependency of the shock-interaction on both the level of flow rarefaction a fixed Mach (and therefore on Reynolds number) and imposed wall temperatures. In both cases, a significant part of the sensitivity is the result of the changes in oblique-shock location when the wedge-cylinder geometry is left unchanged.
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The presented simulation results for the Edney Type IV interaction case were obtained using the Rykov model for the rotational collisional model, as defined in Equation (3). The local value of the rotational collision number has a direct effect on the effective Prandtl number in the continuum limit, as can be seen from Equation (9), as it is a function of translational and rotational temperatures. As discussed previously, a value of 5.0 would give a Prandtl number typically used in a CFD simulation (0.71). One important aspect of the RGKS solver is therefore its ability to model the gas dynamics at a range of conditions for which the constant Prandtl-number assumption is no longer valid, using empirical models or molecular dynamics derived model for the rotational collision number.
Conclusions
The shock wave/boundary layer interaction on a compression ramp in laminar hypersonic flow was investigated using a gas kinetic scheme derived from the Rykov kinetic model. The effect of flow rarefaction on the shock interaction region and the wall pressure distribution was analysed showing marked differences between the computational model results including rotational relaxation and a simplified approach assuming a single temperature. For the considered conditions, the Knudsen numbers were relatively low. However, in the boundary layer along the flat plate the effect of thermal non-equilibrium was still significant. On the ramp, the boundary layer was less affected by thermal equilibrium effects. The thermal relaxation effect on the wall pressure on the ramp was mainly due to the altered interaction pattern resulting from the different boundary layer development along the flat plate when considering rotational relaxation. Furthermore, the Edney type IV interaction in a hypersonic flow was studied using the RGKS method. The sensitivity of the wall pressure peak and location with increasing Knudsen number was investigated as well as the extent of rotational relaxation in the interaction region. In future works, more detailed investigation of the hypersonic flows with Edney type IV interactions will be conducted. Furthermore, work on hybrid simulations using the gas kinetic schemes presented here coupled with the DVM method for the Rykov kinetic model is also ongoing.
